Previous studies have suggested that Wenckebach periodicity in cardiac tissues may occur because of discontinuous propagation across junctional areas in which there is high intercellular resistivity or different cell types. Under these conditions, the impulse may stop altogether at a given junction, or may renew its propagation but only after a step delay imposed by the diastolic time-dependent recovery in the excitability of cells distal to that junction. Accordingly, Wenckebach periodicity in the atrioventricular node may be explained in terms of electrotonically mediated delay in the activation of the nodal cells. To test this hypothesis, we have studied recovery of excitability, and susceptibility to rate-dependent activation failure in single myocytes isolated from the adult rabbit atrioventricular node. Recordings were obtained by using the patch technique in the whole-cell, current clamp configuration. Repetitive stimulation of single atrioventricular nodal myocytes with depolarizing current pulses of critical amplitude yielded frequency-dependent stimulus response patterns that ranged from 1:1, through various Wenckebachlike periodicities (e.g., 5:4 and 4:3) to 2:1 and 3:1. Both typical and atypical Wenckebach structures were demonstrated, as well as "complex" patterns (e.g., reverse Wenckebach or alternating Wenckebach) previously ascribed to multiple levels of block. The diastolic recovery of excitability curve, determined by application of repetitive stimuli at cycle lengths that were longer than the action potential duration, showed a monotonic function with a refractory period outlasting the action potential duration (i.e., postrepolarization refractoriness). Abbreviation of the stimulation cycle length to values below those of the action potential duration revealed the existence of a period of supernormal excitability during the repolarizing phase of the action potential. In either case, the stimulus response patterns obtained were a direct consequence of the shape of the recovery of excitability curve. The monotonic portion of the recovery curve was fitted to an empirical equation that when iterated reproduced the stimulus response patterns observed in the atrioventricular nodal cell. Our data demonstrate that recovery of excitability after an action potential is indeed a function of the diastolic interval, and that this slow process sets the conditions for the development of Wenckebach periodicity in the atrioventricular node. (Circulation 1990;82:2201-2216 The atrioventricular (AV) node of the heart normally prevents high-frequency atrial impulses from reaching the ventricles, and thus prevents severe life-threatening arrhythmias. Indeed, repetitive discharge of the atria can lead to periodic From the
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Wenckebach structures were demonstrated, as well as "complex" patterns (e.g., reverse Wenckebach or alternating Wenckebach) previously ascribed to multiple levels of block. The diastolic recovery of excitability curve, determined by application of repetitive stimuli at cycle lengths that were longer than the action potential duration, showed a monotonic function with a refractory period outlasting the action potential duration (i.e., postrepolarization refractoriness). Abbreviation of the stimulation cycle length to values below those of the action potential duration revealed the existence of a period of supernormal excitability during the repolarizing phase of the action potential. In either case, the stimulus response patterns obtained were a direct consequence of the shape of the recovery of excitability curve. The monotonic portion of the recovery curve was fitted to an empirical equation that when iterated reproduced the stimulus response patterns observed in the atrioventricular nodal cell. Our data demonstrate that recovery of excitability after an action potential is indeed a function of the diastolic interval, and that this slow process sets the conditions for the development of Wenckebach periodicity in the atrioventricular node. (Circulation 1990; 82:2201 -2216 The atrioventricular (AV) node of the heart normally prevents high-frequency atrial impulses from reaching the ventricles, and thus prevents severe life-threatening arrhythmias. Indeed, repetitive discharge of the atria can lead to periodic after a delay imposed by the time course of recovery of excitability of the tissues involved. Accordingly, rate-dependent activation failure is determined by the functional refractory period of the least excitable element in the pathway and may outlast the repolarization phase (i.e., postrepolarization refractoriness). Such a hypothesis, proposed in its original form by Mobitz, 3 has been supported and expanded on by a number of investigations in the AV node.4 S In fact, Wenckebach periodicity can be demonstrated in any model of nonhomogeneous cardiac tissue in which a discrete region of depressed excitability is interposed between two fully excitable regions.9A13 Hence, ratedependent activation failure may occur in any type of cardiac tissue as long as conditions for discontinuous, electrotonically mediated transmission set the stage for step delays in distal cell activation with occasional blockade. Such phenomena are always frequency dependent and may be readily mimicked by the application of brief depolarizing electrotonic pulses of critical magnitude, in such a way that large stimulus magnitudes require faster frequencies for Wenckebach to become manifest.
Discontinuous propagation and step delays are readily demonstrable in the AV node. 4, 14 The AV node is a highly nonuniform anisotropic structure in terms of both cell type and geometric arrangement of cell-to-cell coupling. 15 Additionally, AV nodal cells have relatively low excitability5 and are weakly coupled. 16 Hence, the conditions for postrepolarization refractoriness giving rise to step delays and intermittent failure may be attributed to the highly discrete and heterogeneous nature of the individual nodal cells.
Recent experiments from our laboratory have conclusively demonstrated that postrepolarization refractoriness and Wenckebach periodicity are properties of single guinea pig ventricular myocytes. Such phenomena are the result of a slow recovery of cell excitability during diastole. '7,18 In addition, we have shown that the time course of excitability recovery in these cells is determined by the slow deactivation of the delayed rectifier potassium outward current, iK. Moreover, our results indicated that the inward rectifying current, iKl, plays a major role in modulating the amplitude and shape of the foot potentials that precede the progressively more delayed active responses in the Wenckebach cycle, as well as the subthreshold event that ensues when activation fails.
We have extended our observations to single AV nodal myocytes obtained by enzymatic dispersion of rabbit hearts. Here we demonstrate that when depolarizing stimuli of constant but critical magnitude are used to scan the diastolic interval, a highly nonlinear time course of recovery after an action potential may be unmasked. Such nonlinear recovery includes a period of supernormal excitability followed by postrepolarization refractoriness and slow recovery of excitability during diastole. Our data show also that these time-dependent changes are responsible for the development of various types of stimulus: response patterns that are comparable with those observed during firstand second-degree AV block. The latter observation was confirmed by using an analytical model, which was devised on the basis of mathematical expressions that simulate the recovery of excitability curve. Numerical iteration of those equations yielded stimulus: response patterns that were similar to those observed during repetitive stimulation of the single myocyte. The overall results may have important clinical implications because they provide a direct cellular basis for AV nodal Wenckebach periodicity and other heart rate-dependent AV conduction disturbances.
Methods

Experimental Studies
Dissociation technique. Single AV nodal myocytes were obtained by enzymatic dissociation of Langendorff perfused rabbit hearts.19 Fourteen adult rabbits were anesthetized with sodium pentobarbital (35 mg/kg i.v.) after injection of heparin (500 units). The hearts were quickly removed through a midline thoracotomy, and the aorta was cannulated for retrograde perfusion. The composition of the solutions and the dissociation procedure were similar to those used previously for ventricular myocytes.'7 Briefly, after rinsing the blood excess by 1-3 minutes of perfusion with normal oxygenated (100% oxygen) HEPES-Tyrode solution at 370 C, a low-calcium medium was perfused for 10 minutes. This was replaced by collagenase-containing medium (1.5 mg/ml) for 40-60 minutes, and finally, incubation (KB20) medium for another 15 minutes. Thereafter, perfusion was stopped, the heart was removed from the Langendorif apparatus, and a small piece of endocardial tissue (:3 x 3 mm) was dissected from an area in the right atrium located just below the coronary sinus and designated "portions II to IV' by Kokubun et al. 21 In a separate group of experiments (four rabbits), ventricular muscle was dissected after collagenase treatment, and ventricular myocytes were obtained to allow a comparison of their electrophysiological properties with those of the AV nodal cells (see Table 1 ).
The cells were released by gentle agitation of the small piece of AV nodal or ventricular tissue into a superfusion and recording chamber on the stage of an inverted microscope (Olympus IMT-2, Olympus Corp., Lake Success, N.Y.). After 15 minutes in the chamber, the incubation medium was changed to normal HEPES-Tyrode, which was continuously superfused. Temperature was maintained at 35°C. In this paper, we report the results obtained from 20 AV nodal myocytes and seven rounded ventricular cells.
Recording and stimulation techniques. Recordings were attempted at least 30 minutes after starting superfusion with the normal HEPES-Tyrode solution. Within this period of time, nodal cells become ellipsoid shaped, and about 20% of them beat spontaneously, whereas the rest remain quiescent.22,23 for off-line analysis on the computer with the Axotape system (Axon Instruments). All output signals were monitored on a storage oscilloscope (Tektronix 5113). Signals were differentiated electronically by using a Tektronix AM501 operational amplifier. Experimental protocols. Dissection from the rabbit heart of only that tissue that included AV nodal cells was carefully attempted; however, it was technically impossible to exclude potential contamination with atrial or ventricular cells during the dissection procedure. Thus, several electrophysiological criteria were established to ensure that the cells used in the experiments corresponded to AV nodal cells (see "Results"). Resting membrane potential (Vm) was routinely measured immediately after patch break and then continuously monitored during the experiment. Only quiescent (i.e., nonpacemaking) cells were used for this study.
The steady-state current-voltage (I-V) relation was determined in all cells by switching the recording amplifier to the single-electrode voltage clamp mode and applying a depolarizing ramp from a holding potential of -100 to +50 mV at a rate of 15 mV/sec. Tetrodotoxin (TTX) (30 ,M) and cobalt chloride (2 mM) were added to the HEPES-Tyrode solution in some experiments to block inward currents. We standardized the measurement of cell-input resistance by calculating the inverse slope of the I-V relation recorded between Vm (membrane current equals zero) and a point 15 mV more negative than Vm. All I-V relations were linear within that voltage range.
The amplitude of the peak transient inward current was also used as a parameter to differentiate between AV nodal cells and atrial or ventricular myocytes. The cells were held at a membrane potential of -90 to -100 mV, and depolarizing clamp pulses of 40-msec duration were applied from -85 mV to +85 mV in 5-10-mV steps. Peak current amplitudes were detected by using the CLAMPFIT routine in the pClamp system (Axon Instruments).
After measurements of input resistance and peak transient inward current were completed, the cell was returned to current clamp mode for stimulation by using two subsequent experimental protocols:
In the first protocol, recovery of excitability was determined by using a standard S,-S2 algorithm.'7 Briefly, the cell was driven by trains of 10 suprathreshold depolarizing S, pulses (40 msec duration, .1.5 threshold amplitude) applied at a basic cycle length (BCL) of 2,000 msec. Test stimuli (S2) msec duration) were applied at various intervals after the 10th S, response. The amplitude of S2 was selected to be just-threshold for diastolic intervals of 2,000 msec. Success or failure of activation was correlated with the degree of prematurity of the test pulse.
2) PERIODIC STIMULATION AT VARIOUS CYCLE LENGTHS. In the second protocol, the cell was driven by repetitive current pulses of constant amplitude and duration. The magnitude of the pulses was just-threshold at relatively long (1-2 seconds) cycle lengths. Once a stable 1: 1 stimulus: response pattern was obtained, the BCL was abbreviated in steps (10-100 msec) until failure of activation was detected. Complete scans were performed over broad ranges of BCL. The stimulus parameters were kept constant for at least 50 beats at each BCL, and the activation ratio (M: N, where M=number of responses and N=number of stimuli) was determined. Because of the presence of transient periods of unstable dynamics, all measurements of activation ratio excluded the five initial responses after the BCL was set to a new value.
Steady-state recovery of excitability curves (see Figures 7B, and 9B) were plotted for the data collected during repetitive stimulation at various cycle lengths. The terminology used is defined graphically in Figure 1 . In panels A-C (Figure 1 ), the top -100 mV and middle traces correspond, respectively, to the membrane potential and its first derivative; the bottom trace is the current monitor. Suprathreshold response was defined arbitrarily as membrane depolarization greater than 65 mV induced by the current pulse. Action potential upstrokes in the AV node are frequently multiphasic (References 5, 25, 26; see also Figures 1 and 4). Thus, we standardized our mea-50 p A Tracings showing recovery of excitability in the single atrioventricular nodal myocyte, as analyzed by premature stimulation techniques. A single test pulse (S2), (0.3 nA amplitude, 70 msec duration) was applied at various S,-S2 intervals after a train of10 S, action potentials. As the S1-S2 interval was abbreviated, the activation delayfor the test response was prolonged (see panels A and B), until failure occurred (panel C). Further abbreviation of the S1-S2 interval, however, revealed the existence of supemormal excitability (panel D).
surement of time to upstroke (tu) as the interval between the onset of the current pulse and the moment of the last peak in the first derivative of the action potential; that is, at the latest downward deflection in the middle trace (Figure 1 , panels A-C).
Diastolic interval for beat n (DIn) was defined as the time elapsed between the moment of maximum derivative during the preceding phase 3 repolarization (Vmaxrep, measured at the peak upward deflection in the middle trace) and the onset of the next stimulus (see Figure 1 , panel A). Vmaxrep corresponded to a voltage value of 80-90% of action potential repolarization. When the stimulus failed to activate the cell, DI was measured from the repolarization of the preceding active response to the onset of the next successful pulse (Figure 1, panel B ). Action potential duration (APD) was measured as the interval between Vma, and Vm~rep, and plotted as a function of the preceding DI. In the example illustrated in panel D of Figure 4 , the open symbols represent APD of responses measured during 1:1 activation (e.g., second action potential in panel A of Figure 1 ); the closed symbols represent APD of those responses that were preceded by a subthreshold event (e.g., last action potential in panel B). During rapid pacing, some of the current pulses occurred before repolarization had been completed (see Figure 1, panel C). The tu values measured in such cases were also plotted in the steady-state recovery curve but corresponded to negative values of DI (see Figures 8 and 9 ), which were calculated as follows: First, APD was measured as the interval between Vmax and Vm',,rep and plotted as a function of the preceding DI. Second, the resulting data points were used to determine the value of Vmaxrep (Vmaxrep* in Figure 1 , panel C) corresponding to each of those cases in which the current pulse occurred before full repolarization. The interval between Vm&x-rep* and the onset of the subsequent pulse was termed negative DI (-DI). It is well known that APD is a function of the previous diastolic interval as well as of the number of preceding active responses. 27 To partially explain such a memory process, we distinguished between APDs of responses that were preceded by a subthreshold event (closed symbols in Figure 1 , panel D), and APDs of responses that were preceded by a suprathreshold event (opened symbols in Figure 1 , panel D). The values of Vmax-rep* were calculated accordingly.
Analytical Model
The monotonic part of the steady-state recovery of excitability curve was fitted to an equation of the following type:
for DI>RP X2= B/(1 + exp ((DI-T2)/K2) A, B, C, T1, T2, K1, and K2 are positive arbitrary constants, tu i is the minimum tu interval, and RP is the minimum DI at which an active response is obtained (i.e., the end of the refractory period). Similar Iterative procedure. On the basis of Equation 1, we devised a system that when iterated would predict the stimulus/response (n/m) pattern, which would correspond to a particular set of parameters at any given BCL. A detailed description of the iterative model has been recently published.18 Briefly, we consider that the diastolic interval after the nth action potential and before the next current pulse is (DI)n=BCL-(tu)n--APD (2) The value of (D1), is then used in Equation 1 to calculate (tu)n. When (tU)n is included in Equation 2, the diastolic interval for the subsequent beat (DI).+1, and thus (tU)n+l, can be predicted.
For (DI), less than or equal to RP, a dropped beat would occur, allowing for prolongation of DI one full cycle and turning Equation 2 into
Iterations are performed until a stable periodicity (either 1:1, Wenckebach cycles, 2:1, or 3:1) is achieved.
Results
Characterization of Quiescent Atrioventricular Nodal Cells
Because of the relatively low yield of AV nodal myocytes in HEPES-Tyrode solution after dissociation, it was essential to dissect as much AV nodal tissue as possible after the perfusion with collagenase. Thus, it was not practical to be selective in terms of particular AV nodal regions or AV node cell types,'4,26 and it was difficult to prevent some contamination with atrial or possibly ventricular cells. Hence, it was important to establish at the outset some identification criteria that would ensure that the cells being used for our experiments actually corresponded to those deriving from the AV nodal region, and hopefully, from the center of the AV node itself. In previous studies,22 single rabbit AV nodal cells have been identified morphologically by their ellipsoidlike appearance and shiny surface. In contrast, the criteria that are used routinely by most investigators in their selection of atrial or ventricular myocytes for electrophysiological experiments have been quiescence, rodlike appearance, and striations suggesting integrity of the contractile apparatus.2028 Yet, we have found that some ventricular myocytes that become rounded on exposure to calcium-containing Tyrode solution are very similar to the AV nodal cells in their morphology. Moreover, although it has been generally assumed that rounded ventricular myocytes are inexcitable,20 we have observed that rounded rabbit ventricular myocytes are well polarized (see Table 1 ) and capable of generating action potentials that are similar to those of striated myocytes. We have therefore used rigorous electrophysiological criteria to differentiate between quiescent AV nodal cells and ventricular myocytes that have become rounded in the recording chamber. The results of this comparison are presented in Table 1. 1) Input resistance. Measurements of input resistance were performed routinely in each cell after recording its steady-state I-V relation. An example obtained from a quiescent AV nodal cell is presented in Figure 2 . While continuously superfusing with Tyrode solution containing 30 gM TIX and 2 mM Co, a voltage clamp ramp of 15 mV/sec was applied from -100 to +50 mV. A nonlinear I-V relation with strong inward-going rectification and a region of negative slope conductance is apparent. Input resistance, measured as the inverse slope of the linear portion of the curve near Vm (see "Methods"), was Table 1 , mean input resistance of AV nodal cells was approximately 260 mfl. In contrast, input resistance in seven rounded ventricular myocytes was 33 mfl, which is similar to that of rod-shaped cells. 20 2) Peak transient inward currents, resting potential, and action potential upstroke. An interesting characteristic of the cells dissociated from the AV nodal region is the small amplitude of their peak inward currents. Indeed, of 10 AV nodal cells studied (all of which had input resistance greater than 60 mfl), only one showed a maximal peak inward current amplitude greater than 2.5 nA (2.58 nA). In contrast, the peak current amplitude in eight rounded ventricular myocytes was always greater than 4 nA. Given the inadequacy of our voltage clamp circuit to control such large currents, however, we did not attempt a quantitative analysis of the inward currents in the rounded ventricular cells.
As shown in Table 1 , resting potential was appreciably lower in the AV nodal cells, as were peak inward current and Vmax. A well-known characteristic of multicellular preparations of the atrioventricular node is that Vmax is significantly lower than in atrial or ventricular muscle preparations. In fact, "notched" action potential upstrokes are commonly recorded from the central area of the node. 26 The quiescent AV nodal cells used in our study also showed a slow Table 1 ) and often notched action potential upstroke (see Figure 4 ), whereas the rounded ventricular myocytes had a significantly faster Vma (although slower than rod-shaped striated cells). AV nodal cells were also less polarized than rounded ventricular cells, and did not have a phase 1 in their action potential; that is, they were characterized by a rounded overshoot.
Rabbit atrial cells also have a large input resistance,28 but their peak inward current amplitude has been shown to be significantly greater29 than what we report here for AV nodal myocytes. Moreover, the action potential morphology of atrial cells, and their characteristic frequency-dependent changes in action potential repolarization28,29 are clearly distinguishable from those of the AV nodal myocytes. Indeed, when stimulated at low frequencies, atrial action potentials show a large phase 1, which takes about 50% of the total action potential repolarization. Repolarization is then characterized by a slower decay toward the resting potential (see Figure 10 in Reference 29). On the other hand, when an atrial cell is paced at relatively fast rates, APD increases significantly and the repolarization phase becomes rounded (see Figure 11 in Reference 29). Thus, cells that showed the action potential morphology and frequency dependence of atrial myocytes were not included in this study.
Of all the cells studied, 10 fulfilled the following criteria we have established for AV nodal origin: quiescent, ellipsoid-shaped with well-defined contour BCL = 740 ms 500 FIGURE 6. Tracings showing stimulus! response ratio varies as a function of the stimulus cycle length. Same cell as in Figure 5 . and a smooth surface, resting potentials between -60 and -80 mV, Vma. below 35 V/sec, no defined phase 1 in the action potential, peak transient inward currents of less than 3 nA, and input resistance greater than 60 mfQ. These 10 cells were used for the studies on recovery of excitability and rate dependence of activation.
Recovery of Excitability in the Single Atrioventricular Nodal Myocyte: The Sr-S2 Protocol
Premature stimulation techniques were used to analyze the process of recovery of excitability in the single AV nodal cell after an action potential. Figure  3 illustrates the results obtained from one of our experiments. Single depolarizing pulses (S2) were applied at various S1-S2 intervals after the last of a train of 10 (Si) action potentials. As shown in panel A of Figure 3 (S1-S2=400 msec), the amplitude (0.3 nA) and duration (70 msec) of S2 was selected to be just-threshold for long S1-S2 intervals; in this case, S2 elicited an action potential after a delay of 64 msec. In panel B (Figure 3) , abbreviation of the S1-S2 interval to 320 msec was associated with prolongation of the activation delay to 70 msec. In panel C (Figure  3 ), at an even briefer S1-S2 interval (230 msec), S2 failed to induce a response. Note that failure occurred at a time at which the cell had long repolarized, which demonstrated the presence of postrepolarization refractoriness.5 As shown in panel D (Figure 3) , however, when S2 was applied at an even earlier interval that coincided with the repolarization phase of the previous action potential, an active response ensued. In other words, supernormal excitability seemed to be a property of AV nodal cells. Postrepolarization refractoriness was demonstrated in five additional cells; supernormal excitability was demonstrated in the three cells in which the repolarization phase was scanned with the S2 stimuli. Repetitive Stimulation: Rate Dependence ofActivation Previous work in ventricular myocytes demonstrated that slow changes in excitability during diastole can set the conditions for the development of Wenckebach periodicity.1718 We have therefore examined the response of six AV nodal cells to repetitive stimulation at various frequencies.
1) Slow recovery of excitability and postrepolarization refractoriness. In four cells, periodic rate-dependent activation failure was observed when the appropriate stimulation parameters were selected. Two examples illustrating different structures of the Wenckebach phenomenon in a cell in which the response to the repetitive stimulus was relatively unstable are presented in Figure 4 . Superimposed traces in both panels show two types of 4:3 stimulus:response pattern recorded during stimulation of the same cell with depolarizing current pulses of constant amplitude of 0.25 nA and duration of 30 msec, applied repetitively once every 1,000 msec. Note in panel A (Figure 4 ) that in some Wenckebach cycles, the time to upstroke (tu) increased progressively at decreasing increments, until failure occurred. As shown in panel B (Figure 4 ), taken at a slightly later time during another Wenckebach cycle, Tracings showing supemormal excitability in a single atrioventricular (AV) myocyte. An AV nodal cell was stimulated repetitively with depolarizing currentpulses 40 msec in duration and 0.42 nA in amplitude. As the basic cycle length (BCL) was abbreviated, the 1 :1 pattern (panel A) changed to 3:2 (panel B) and then 2:1 (panel C). Due to thepresence of supemormal excitability, however, further abbreviation ofBCL yielded the recurrence ofa 3: 2pattern, with a "Mobitz-type II" structure (panel D). A more complex pattem is also apparent in panel E. however, tu for the last beat was significantly longer than for those beats preceding it. These two patterns correspond to the typical (Figure 4 , panel A) and atypical (panel B) structures of Wenckebach periodicity as described electrocardiographically in the clinical literature. 30, 31 An important feature of Wenckebach periodicity is that the stimulus:response ratio changes as a function of the stimulus cycle length. Figure 5 shows an example in which a single AV nodal myocyte stimulated with depolarizing current pulses of constant duration of 10 msec and amplitude of 0.45 nA responded with relatively stable patterns of activation that depended on the stimulus cycle length. The current intensity was just-threshold for maintaining a 1:1 stimulus: response pattern at the BCL of 1,500 msec ( Figure 5 Figure 5 , panel D), a complex 5:3 pattern was apparent, in which 3: 2 and 2: 1 cycles alternated in a distinct sequence that may be described as 1,1,0,1,0, where 1 equals an active response and 0 equals a subthreshold response. A close look at the dynamical changes in tu (panel D) reveals that the first action potential of the initial 1,1,0 succession is preceded by the briefest tu and that tu of the second response is the longest in the overall sequence (see numbers under traces). Yet, after the first failure, tu becomes brief again for the first active response of the following 1,0 succession and abbreviates even further after the failure for the first response in the new 1,1,0,1,0 sequence. This sequence is equivalent to the socalled "reverse Wenckebach" in AV nodal propagation observed in the clinical setting.32 As shown in Figure 6 , further reduction of BCL (740 msec) in the same cell yielded a stable 2:1 pattern (panel A). In Figure 8 .
contrast, at a BCL of 500 msec (panel B), 5: 2 rhythms composed of recurrent 2: 1 and 3: 1
(1,0,1,0,0) patterns were observed. In this case, the activation latency alternated from brief to long at each successful beat (i.e., alternating Wenckebach33). Finally, at a BCL of 400 msec, a stable 3:1 rhythm was maintained (panel C).
The overall sequence of activation is summarized in Figure 7 , panel A. The data correspond to the same experiment as in Figures 5 and 6 . It is clear from this plot that the activation ratio (m:m, ordinate) decreases monotonically as the BCL (abscissa) is abbreviated, resulting in a characteristic staircase structure that has been described previously for other systems18,34 including the human atrioventricular node.8 In fact, the sequence of activation patterns followed the so-called "Farey tree, '35 The results presented thus far clearly suggest that in AV nodal cells, the recovery of excitability after an action potential is very slow and extends well into the diastolic interval. Indeed, when the appropriate (justthreshold) stimulation parameters are used, the effective refractory period can greatly outlast the APD. We have examined the time course of recovery of excitability of the single AV nodal myocyte during repetitive stimulation at various cycle lengths by plotting latency (i.e., tu) as a function of the preceding DI. The results presented in Figure 7 2 and 4:3) . These data show that the recovery of excitability during diastole in the AV nodal cell is a monotonic process that allows the establishment of activation patterns with an M:N ratio that changes monotonically as a function of the BCL.
2) Superormal excitability. In two cells in which the repetitive stimulation algorithm was used, further abbreviations of the BCL to values that were below the diastolic range demonstrated the presence of supernormal excitability. Figure 8 shows an example. An AV nodal myocyte was stimulated with repetitive depolarizing current pulses of 40 msec in duration and 0.42 nA in amplitude at various cycle lengths. As the BCL was abbreviated, the 1:1 pattern (Figure 8 Figure 9 (panel A), the activation ratio decreased monotonically for BCLs between 400 msec and 300 msec. At a BCL of 280 msec, however, an increase in activation ratio ensued that reflected the occasional activation during the supernormal phase. The steady-state recovery of excitability curve from this same experiment is illustrated in Figure 9 (panel B). In this graph, successful stimuli falling before the completion of repolarization are identified by negative values of diastolic interval (abscissa). The curve clearly has the following three major characteristics: a monotonic increase in tu (ordinate) starting at long diastolic intervals, a narrow zone of postrepolarization refractoriness at intermediate DIs, and a region of supernormal excitability during the repolarization phase. A similar type of recovery curve has been described for multicellular preparations of cardiac tissue.36 In fact, this type of curve has been shown to result in complex dynamics of activation, which include stimulus:response locking patterns similar to those demonstrated in our single cells, as well as period doubling bifurcation and chaotic activity.
Model Results
Our working hypothesis for the dynamics of Wenckebach periodicity has been tested previously in other systems.6,8'17"8 Thus, we considered that in the AV nodal cell, gradual prolongation of the activation delay during a Wenckebach cycle reduces the recovery time for a subsequent beat that, in turn, should yield an even longer activation delay, until failure occurs.
To test this hypothesis, we constructed an empirical monotonic function (see Equation 1) that would fit the experimental results presented in Figure 7 .
This mathematical expression considers tu to be a function only of the preceding diastolic interval. An iterative procedure (Equations 2-4) allowed us to predict the stimulus:response patterns for a wide range of BCLs, and to compare such patterns with those demonstrated during repetitive stimulation of the single AV nodal myocyte.
The results presented in Figure 10 (panel A) demonstrate the excellent correspondence between the algebraic equations and the experimental steadystate recovery curve obtained from a fully excitable AV nodal myocyte. In Figure 10 (panel B) , the activation ratio (m:n) is plotted as a function of the BCL for both the numerical iteration of the analytical solution (crosses) and the response patterns of the AV nodal myocyte (open squares, same data as in Figure 7 ). The model assumed a constant APD of 390 msec. Although the transition zone from 2:1 to 3 :1 occurs at a briefer BCL in the model, a close correspondence between the results obtained from both systems is apparent. The small discrepancies in the correlation between the analytical solution and the AV nodal cell probably result from the fact that the model assumes a constant value of APD. Indeed, it is known that changes in APD during repetitive stimulation can alter the dynamics of the system, particularly when brief stimulation cycle lengths are used. 36 Nevertheless, our data strongly support the hypothesis that Wenckebach periodicity results from a positive feedback loop6 established between activation latency (which is prolonged at brief diastolic intervals) and diastolic interval (which is abbreviated as a result of the long activation delays).
Discussion
The overall results show that rate-dependent activation failure can be observed in normally polarized AV nodal myocytes in response to external stimuli of relatively low intensity. The present data are in agreement with previous findings from our laboratory in ventricular myocytes,1718 and demonstrate that many of the sequences of second-degree AV block can be well explained by the characteristic slow recovery of excitability of the AV nodal cells in response to depolarizing stimuli of constant but critical magnitude.
Potential Limitations
The isolated myocyte preparation offers the simplest, most direct experimental model for studying the role of membrane excitability in the development of rate-dependent activation failure. The following limitations, however, should be considered:
1) As with any study involving single cells that have been dispersed by enzymatic techniques, our experimental model carries the risk that membrane properties may have been affected by the collagenase used in the dissociation procedure. Significant membrane damage, however, seems unlikely because AV nodal cells maintained a very high input resistance and were well polarized. Additionally, when stimulated, the cells gave rise to active responses that were similar to those obtained by microelectrode studies in multicellular preparations of the rabbit AV node. 14, 26 Indeed, normal electrophysiological properties, as described previously for the AV node, were present in all cells.
The lack of spontaneous activity in cells isolated from potentially pacemaking tissue has been previously reported not only for the AV node23 but also for Purkinje fibers27 as well as tricuspid valve preparations.37 Thus, although the possibility of enzymatic damage exists, it is more likely that the phase-4 depolarization and automatic activity observed in all impaled cells from tissue preparations results from the electrotonic interactions between natural pacemaking and nonpacemaking cells.
2) The possibility exists that atrial or ventricular rounded cells were contaminating our preparation. This drawback was considered and reduced to a minimum by adopting well-defined morphological and electrophysiological criteria, which ensured that each cell used in the experiment actually corresponded to an AV nodal myocyte. Cells that did not meet these stringent criteria were discarded.
3) The intrinsic heterogeneity of the AV node made it impossible to select cells from a specific nodal region. Other investigators have demonstrated that the AV node is an extremely heterogeneous structure, and that different cell types (when characterized electrophysiologically) are not strictly confined to given anatomical regions (see Reference 15 for review). Variation exists not only between prep-arations26 but also in the action potential morphology recorded from closely located cells in the same preparation.38 Furthermore, the AV node is a threedimensional structure, and cells in different layers may have significantly different electrophysiological behavior. Consequently, even if one were to map the AV node structure before dissociation, and then only choose a "specific region," one would never be certain that only one cell type has been isolated. This heterogeneity of cell population was probably responsible for the wide range of values in the electrophysiological parameters studied (e.g., see SEM of input resistance values in Table 1 ). Thus, small variations in excitability properties between different populations of AV nodal cells could not be detected in our experiments, nor was it the goal of this study to match specific cell types with specific AV nodal regions. Generally, however, the electrical properties of our AV nodal cells were comparable with those of cell types ANCO, ANL, N, or NH in the classification of Billette. 26 4) One-to-one propagation in the AV node is limited by the functional refractory period.4 Thus, under normal conditions, block should occur only at high atrial rates. If cells become less able to initiate active responses, however, or if cell-to-cell communication is impaired by either drugs or disease states, the density of current associated with the propagating impulse should be reduced. This would be manifest as a prolongation of the functional refractory period, which could give rise to Wenckebach periodicity at relatively slow atrial rates. In our study, depolarizing electrotonic pulses of critical magnitude were used to drive single AV nodal cells. As a result, Wenckebach periodicity was demonstrated at relatively slow BCLs. This was purposely done as an oversimplified analogy of a propagating action potential reaching a cell from an AV nodal region in which electrical coupling is somewhat impaired. Slow Recovery of Excitability and Second-Degree Atrioventricular Block AV nodal Wenckebach periodicity is manifested in the electrocardiogram by a cycle-to-cycle prolongation of the PR interval, which culminates in a blocked P wave. After the failed ventricular response, AV propagation is reestablished and a new Wenckebach period is repeated. Since its original description,' two major but mutually exclusive hypotheses have prevailed to explain the mechanism of the Wenckebach phenomenon; one is based on the concept of decremental conduction,39 and the other is based on the idea of serial step delays and discontinuous propagation in a nonhomogeneous conducting pathway3,4 (for review, see Reference 2) . According to the decremental conduction hypothesis, "fatigue" in response to activation is the main causal factor in interval-dependent delay and block. Fatigue itself would be the result of the progressively increasing threshold, decreasing space constant, decreasing action potential amplitude, and decreasing Vmax encountered by the atrial activation wavefront as it propagates through the node on its way to the ventricle. As pointed out many years ago by Scherf,40 however, the fact that there is a brief activation delay after the blocked impulse in a Wenckebach sequence contradicts the whole concept of fatigue. Indeed, because the tissue just proximal to the site of block is invaded by the blocked impulse, that tissue should be even more fatigued by the time the next impulse occurs. Moreover, one would expect that the amplitude and Vmu, of the action potential of tissue distal to the block should decline progressively as the tissue becomes progressively more fatigued. Yet, thus far, in most examples in which Wenckebach periodicity has been studied by transmembrane potential recordings, delayed activation of cells just distal to the site of impairment is preceded by foot potentials of variable duration, but the amplitude of the action potential remains nearly constant during the entire sequence.
The step-delay hypothesis has been strongly supported by a number of experiments in multicellular preparations9-13 and, more recently, by our studies in single guinea pig ventricular myocytes.1718 Our present work provides direct proof of the applicability of these concepts to the dynamics of cell excitability in single AV nodal cells and offers a cellular explanation to the problem of rate-dependent transmission failure in the mammalian AV node. More specifically, our study demonstrates that supernormal excitability, postrepolarization refractoriness, and slow recovery of excitability are all properties of the AV nodal cell, and suggests that some of these properties may determine the dynamic behavior of the entire AV node in response to repetitive stimulation. The data further support the idea that cell excitability, and not decremental conduction, is the key factor in the development of periodic activation failure in the AV node.
Dynamic Behavior
1) Slow recovety of excitability and postrepolarization refractoriness. Our results are in agreement with the idea that Wenckebach periodicity results from the progressive reduction in diastolic interval that is associated with the prolonged time to firing of the previous beat (i.e., the positive feedback mecha-nism6"18). Indeed, stimulation of the single AV nodal myocyte at progressively faster rates yielded a concomitant prolongation of tu until Wenckebach periodicities occurred (Figures 4-6 ). The steady-state recovery of excitability curve obtained under these conditions decayed monotonically, and the activation ratio decreased in a stepwise manner as a function of the BCL. Furthermore, as predicted by the theoretical analysis of Keener,41 the sequence of stimulus/ response patterns followed the Farey tree. 35 Studies in various cardiac tissue preparations including human and canine AV node,6'8 sheep Purkinje fibers,34 and single guinea pig ventricular cells,17"18 as well as mathematical simulations using the Beeler and Reuter42 model of the ventricular cell'8 have also shown that, provided that excitability recovers monotonically, predictable stepwise changes in activation ratio may be demonstrated. This relation between monotonic recovery and predictable rate-dependent activation ratios may be applicable to a wide variety of AV nodal block patterns encountered clinically including typical, atypical, reverse, and alternating Wenckebach, as well as high-grade block. These observations further suggest that complex AV block sequences may be readily interpreted on the basis of step delays in excitation of a single AV nodal region in which the margin of safety for propagation is relatively low. In other words, in the majority of cases, explanation of the conduction block pattern does not necessarily assume the occurrence of multilevel block. 8 Nevertheless, if a successful response in a Wenckebach cycle occurring high in the AV node encounters a new region of impaired conductivity as it travels toward the ventricles, it may be unable to excite more distal tissue and a second level of block would conceivably occur. Hence, even though our experiments demonstrate that it is not necessary to invoke multilevel block to explain complex AV nodal Wenckebach patterns, it does not preclude the possibility that more than one level of block may occur.
2) The presence of supemormality. A different picture emerges when higher stimulation rates are used. In this case, the monotonic decay in activation ratio is interrupted by an abrupt return to larger ratios (Figures 8 and 9 ), which results from a reduction in the stimulation cycle length to a point at which the supernormal phase of excitability becomes apparent (Figure 8 ). Similar observations have been reported previously for the dynamic behavior of sheep Purkinje fibers. 36 The particular example presented in Figure 5 shows that there are two different ranges of BCL at which a 3:2 pattern can be recorded. One, observed at longer BCLs, has the typical structure of Wenckebach periodicity with progressive increases in tu, until failure occurs. The other is demonstrable at shorter BCLs, in which stimulation may coincide with the supernormal phase at the end of repolarization. At this BCL range, tu remains relatively constant and failure occurs with no previous delay. In the classification of AV block patterns, such a structure corresponds to second-degree block of the Mobitz-type II. Thus, it may be concluded that supernormal excitability is indeed a property of AV nodal cells. Furthermore, on the basis of our results, one might venture to suggest that this property increases the range of the rate-dependent activation patterns that may be elicited in these cells, to the extent that even those patterns that have been attributed mainly to alterations in the His-Purkinje system may have a counterpart in the AV node.
An important question remains unanswered, however, and that is whether supernormal excitability in the single AV nodal myocyte may lead to supernormal conduction in the AV node. Our experiments clearly show that there is a relatively narrow window of supernormal excitability (Figures 8 and 9 ) that may give rise to complex patterns of excitation. In contrast, it has been shown that the safety factor for propagation, defined as the amount of current needed to sustain propagation over the amount of current supplied, is very low in the AV node.5 The most probable reason for such a low safety factor is that the stimulating efficacy of the slowly rising AV nodal action potential is hampered by the relatively high intracellular resistance, particularly at the center of the node. 16 This becomes particularly important at early diastolic intervals at which the availabil-ity of the inward calcium current is reduced. Thus, it would seem likely that local stimulation during the repolarizing phase may give rise to supernormal excitation in a small group of cells somewhere in the AV node. Such an excitation, however, would eventually die out because the reduced amount of depolarizing inward current would be insufficient to overcome the large coupling resistance that prevails in the node.
Another possibility is that the supernormal response would propagate slowly through partially refractory tissue, and would be blocked eventually because it would fall outside the window of supernormality of the more distal cells. The question seems relevant in view of the electrocardiographic studies of Halpern et al. 43 These authors studied 47 clinical cases of Mobitz-type II AV block with 3:2 periodicity, and concluded that in 45 of them, this pattern was the result of supernormal excitability in the AV node. As pointed out several years ago by Moe et al,44 however, attributing temporal patterns of AV transmission to supernormal conduction should be done cautiously. In fact, in their carefully designed and conducted studies, Moe et al44 were able to demonstrate that many of such patterns that had been recorded experimentally or clinically by other authors could be explained by alternative mechanisms that ruled out supernormal conduction as a factor.
At first glance, our results seem to contradict the classical microelectrode studies of Merideth et al. 5 These authors studied recovery of excitability in the isolated rabbit AV node but did not demonstrate supernormality during repolarization. Yet, it should be kept in mind that although Merideth et a15 constructed a recovery of excitability curve from the N region of the AV node, they limited their study to scanning the diastolic interval with intracellular stimuli; they did not attempt to determine whether these cells were excitable during the repolarization phase. Our experiments clearly show that even though latency to excitation increases monotonically at progressively earlier intervals until block occurs (Figure  9 , panel A), a window of supernormal excitability is demonstrable during the repolarization phase. Merideth et a15 failed to demonstrate supernormal conduction in response to premature stimuli applied at a distant source. It is important to consider that conduction depends not only on the threshold for excitation, however, but also on the ability of excited cells to depolarize their neighbors. Such an ability is determined by several parameters that include the rate of rise of the action potential, the degree of electrical coupling, and the geometric arrangement of cell-to-cell connections. Thus, the possibility exists that although present in the single cell, supernormal responses fail to propagate through the AV node. Possible Ionic Mechanisms In this paper, we have concentrated our efforts on demonstrating that slow recovery of excitability is responsible for rate-dependent activation failure in AV nodal myocytes. Although no direct evidence is presented as to the ionic mechanisms responsible for these phenomena, an analytical model, developed on the basis of current concepts related to transmembrane current kinetics in the AV node, provides excellent predictions about the dynamics of single AV node cell rate-dependent excitation. Thus, on the basis of our experimental and modeling results, we propose that at least three different ionic current systems are involved in such rate-dependent processes, that is, the delayed rectifier potassium outward current, iK, the anomalous rectifier potassium outward current iK1, and the calcium inward current iCa.
Previous experiments from our laboratory in single ventricular myocytes have demonstrated that the slow recovery of cell excitability during diastole is a consequence of the slow time course of deactivation of iK.18 It is quite possible that iK is also partly responsible for the diastolic changes in excitability of AV nodal cells reported in this paper.45 In contrast, studies on multicellular preparations of the AV node46 and on depressed ventricular muscle and Purkinje fibers1247 have demonstrated that both excitation and conduction are dependent on the availability of iCa. Hence, it is probable that the timeand frequency-dependent changes in excitability in the AV node are related in part to changes in calcium conductance during diastole.
The voltage clamp data presented in this paper ( Figure 2 ) demonstrate that the steady-state I-V relation of the AV nodal cell is similar in shape to that of ventricular myocytes, but the cell input resistance is significantly greater (compare the scale in the I-V relation shown in our Figure 7 with the one on Figure 1B of Reference 18). This is an important observation, which is consistent with previous estimates of 1K1 channels in nodal cells. 48 As we have previously demonstrated in ventricular myocytes,17 the magnitude of the input resistance as well as the presence of a negative slope region in the I-V relation can determine the amplitude and shape of the subthreshold response, as well as the characteristics of the approach to threshold after a stimulus of critical amplitude. Furthermore, we suggest that the highly nonlinear voltage-dependent iKl is partly responsible for supernormality in the AV node cell.
Indeed, because of inward-going rectification of 1K1, the input resistance and, consequently, the amplitude of the voltage response to a depolarizing pulse, is significantly higher during the repolarizing phase of the action potential than it is during rest. Thus, the larger more premature depolarizations should be more effective in bringing the cell to threshold and in generating an active response, despite the fact that the inward currents are more inactivated during the repolarization phase than they are early during the diastolic interval.
Conclusion
Our results demonstrate that second-degree AV block is a consequence of changes in the excitability of normally polarized AV nodal cells during the cardiac cycle. Activation patterns similar to clinically known varieties of AV block can be manifested in the single AV myocyte. Our data provide the basis for understanding the various AV conduction rhythms observed in the clinical practice.
